patients with nonfunctioning pituitary adenoma were treated with hypofractionated SRT. Forty-three patients were male, and 57 were female. The patient's ages ranged from 16 to 82 years (median, 59 years). Five patients were medically inoperable, and 1 refused surgery; the remaining 94 were recurrent cases or those receiving postoperative adjuvant SRT. No patients had a history of previous cranial radiotherapy. Tumor volume ranged from 0.7 to 64.3 mL (median, 5.1 mL). The marginal doses were 17.0 to 21.0 Gy for the 3-fraction schedule and 22.0 to 25.0 Gy for the 5-fraction schedule. Toxicities were evaluated with the Common Terminology Criteria for Adverse Events version 4.0. The median follow-up period for living patients was 33 months (range, 18 -118.5 months). The 3-year overall survival and local control rates were 98% and 98%, respectively. In-field and out-field tumor regrowth were observed in 3 and 2 patients, respectively. Transient cyst enlargement occurred in 3 cases. A post-SRT grade 2 visual disorder occurred in 1 patient. Symptomatic post-SRT hypopituitarism was observed in 3 of 74 patients who had not received hormone replacement therapy after surgery.
P
ituitary adenoma (PA) is a benign tumor that occurs mainly in adults between 20 and 50 years of age and constitutes about 10 -20% of all intracranial tumors. 1, 2 PA is divided into functioning and nonfunctioning varieties, and the purpose and method of treatment differ for the two entities. Treatment for functioning PA aims to prevent the excessive secretion of anterior pituitary lobe hormone. On the other hand, treatment of nonfunctioning PA is typically intended to control tumor volume and prevent or reverse visual disorders and endocrinopathies. Tumors that cause visual symptoms are treated primarily with transsphenoidal surgery or craniotomy; and if patients are asymptomatic, a wait-and-see approach may be taken. Nonfunctioning PA is not necessarily treated by immediate radiotherapy (RT) after resection, unlike functioning PA. However, several studies have reported recurrences in about 20 -50% of cases treated with surgery alone. 3 -5 Radiotherapy is considered if residual or recurrent tumors invade the cavernous sinus or in cases in which repeated surgeries have resulted in fibrosis and inoperability. In the past, conventional RT was used to treat such cases. 6 -8 Considering the proximity of organs at risk (OARs) such as the optic nerve, optic chiasm, and brain stem, the use of stereotactic irradiation is increasing. Outcomes of Gamma Knife stereotactic radiosurgery (SRS) have been reported in many papers. 9 -11 However, while the targeting accuracy and dose fall-off of Gamma Knife treatment are excellent, it may not be appropriate for tumors that are large or adjacent to optic pathways because the dose limitation for these structures is thought to be 8-10 Gy in a single session. 12 -14 The sparing of normal tissues, especially late-responding tissues presumably with a low a/b ratio (≤3 Gy), such as the optic pathways and brain stem, may be more efficiently expected by using lower daily doses with fractionated radiation than with SRS. 15, 16 More recently, several reports have indicated promising outcomes with stereotactic radiotherapy (SRT) and proton therapy using conventional fractionation. 17 -19 To achieve increased local control while maintaining low optic pathway toxicity, we started protocol-based hypofractionated SRT with the CyberKnife system for PA in 2000. We used hypofraction-ation instead of more conventional fractionation because the use of a lower fractional dose results in poorer dose distribution in the CyberKnife system. Usually, 100-200 beams are employed in one treatment, but since low monitor-unit beams are susceptible to errors of 3% or more, the number of beams has to be reduced with decreasing daily dose. This could lead to poorer dose distribution, so we used 3 or 5 fractions. In the present study, we analyzed the safety and efficacy of hypofractionated SRT with CyberKnife for treatment of nonfunctioning PA at our institutions.
Materials and Methods

Study Design, Patient Eligibility, and Characteristics
This was a prospective study based on protocols designed by the clinical study committees of the Yokohama CyberKnife Center and Okayama Kyokuto Hospital and was approved by the institutional review boards. The eligibility criteria were as follows: (1) histologically confirmed or imagediagnosed PA with endocrinological findings indicating nonfunctioning PA; (2) recurrent cases, patients receiving postoperative adjuvant SRT, medically inoperable patients, and patients who refused surgical resection; (3) no prior RT or chemotherapy for cranial disease; and (4) willingness to provide written informed consent. In general, patients were deemed to be medically inoperable if they had poor pulmonary function, a history of major cardiovascular disease, or severe diabetes mellitus or were elderly (≥80 years old). From October 2000 to March 2009, 100 patients with nonfunctioning PA were treated with SRT using CyberKnife. The patient and tumor characteristics are summarized in Table 1 .
Treatment Protocols
SRT was delivered in either 3 or 5 fractions, with the 5-fraction schedule being used for young patients (,30 years old) and those with tumors that were large (≥15 cc) or adjacent to optic pathways (distance, ,2 mm). Radiation doses were prescribed at the margin (95% volume border of the planning target volume [PTV] ). The planned dose was either 21 Gy in 3 fractions or 25 Gy in 5 fractions; when the doses delivered to the OARs (optic nerve, chiasm, and brain stem) exceeded these levels, the marginal doses were reduced. Thus, the maximum doses allowed for these OARs were 21 Gy in 3 fractions and 25 Gy in 5 fractions. All irradiation was given once a day, 3 to 5 days a week.
CyberKnife System
The CyberKnife system (Accuray) is equipped with a 6-MV photon-beam accelerator, a robotic arm that can be moved in 6 dimensions of freedom, and a target locating system (TLS). The robotic arm allows beam delivery from over 1200 positions around the patient. Beams are delivered through circular collimators ranging from 5 to 60 mm in diameter. The TLS consists of an orthogonal X-ray system, and the X-rays are registered to digitally reconstructed radiographs derived from planning CT scans. During treatment, control algorithms dynamically reposition the robotic arm based on the target movement detected by the TLS. Frequent TLS checks throughout treatment detect target motion in real time, thus enabling frameless stereotactic irradiation. The geometrical accuracy of our institution is less than 0.5 mm. 20 The geometrical accuracy of and clinical experiences with the CyberKnife system have been reported by several investigators.
21,22
Treatment Planning
Radiation treatment was planned using a CT-based 3D treatment planning system (Ontarget [Accuray; until The lesions visible on CT and/or MRI were taken as the gross tumor volume (GTV). Taking the direction of tumor invasion into consideration, the clinical target volume (CTV) was adjusted based on information from the preoperative images and the planning CT and/or MRI. The PTV was equal to the CTV. Conformal treatment plans were designed for all cases using an inverse planning algorithm that involved setting dose constraints to minimize the irradiation delivered to critical structures such as optic pathways and the brain stem. The doses were calculated on the basis of the ray tracing algorithm.
Follow-Up Evaluation and Statistical Analysis
After SRT, the patients were followed at 1, 3, 6, and 12 months during the first year, and at intervals of 6 or 12 months thereafter. Regular follow-up studies included brain MRI, visual perception tests, and examinations of hormonal levels. The local responses to SRT were classified according to the Response Evaluation Criteria in Solid Tumors. The rates of overall survival, local control, and disease-free survival were calculated using the Kaplan -Meier method. Out-field recurrence apart from PTV was not included in the calculation of local control rates. Differences between pairs of Kaplan-Meier curves were examined using the log-rank test. Values of P , .05 were considered to be statistically significant. Statistical analyses were carried out with StatView version 5 (SAS Institute). Toxicities were evaluated with the Common Terminology Criteria for Adverse Events version 4.0.
Results
Treatment Characteristics
SRT was given in 3 or 5 fractions. The 3-fraction and 5-fraction schedules were delivered to 83 and 17 patients, respectively. Forty-eight patients received lower doses than planned because the doses delivered to the optic pathways exceeded the maximum doses. A summary of the treatments is shown in Table 2 . A conformity and homogeneity index was calculated according to the Radiation Therapy Oncology Group 1993 criteria. 23 
Survival and Local Control
All patients were observed for a minimum of 1.5 years or until death. The median duration of follow-up was 33 months for all patients (range, 18 -118.5 mo for living patients; 12 -118.5 mo for all patients). One patient showed a complete response, 29 patients showed a partial response, 65 showed stable disease, and 5 showed progressive disease at the latest follow-up. The 3-year overall survival rate was 98% (95% confidence interval [CI]: 95 -100%). The 3-year local control and progression-free survival rates were 98% (CI: 95 -100%) and 96% (CI: 92 -100%), respectively (Fig. 1) . In-field tumor regrowth was observed in 3 patients at 10, 16, and 80 months, respectively. Out-field tumor regrowth was observed in 2 patients at 27 and 45 months, respectively; both developed at 23 Radiation doses were prescribed at the margin (95% volume border of the planning target volume). Iwata 
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NEURO-ONCOLOGY † A U G U S T 2 0 1 1 surgical margins far from the PTV, so they were not included in local recurrence. Figure 2 shows an example of a treatment planning and dose volume histogram for the PTV and OARs including the chiasm, optic nerves, pituitary stalk, and brain stem. The tumor volume in this patient was 1.6 cc, and she was treated with 21 Gy in 3 fractions. She had been treated with transsphenoidal surgery 3 times. However, recurrent tumors had invaded the left cavernous sinus and could not be totally removed, so SRT was administered. She had grade 2 visual disorder, visual field constriction, and paralysis of the left oculomotor nerve before surgery. After surgery, the visual disorder and visual field constriction improved. Although she suffered paralysis of the left oculomotor nerve before SRT, she obtained a partial response, and the local tumor was controlled without late complications at 22 months after treatment (Fig. 3 ).
Complications Table 3 summarizes the adverse events observed in this study. A post-SRT grade 2 visual disorder was observed in 1 patient at 36 months. In this patient, the maximum doses delivered to the optic nerve and chiasm were 20.8 and 20.7 Gy, respectively, in 3 fractions. However, the possibility of glaucoma unrelated to SRT could not be ruled out in this patient. Post-SRT hypopituitarism was observed in 3 patients who received no hormone replacement therapy after surgery, and the maximum doses delivered to the pituitary in these patients were 20.4, 20.5, and 20.9 Gy in 3 fractions. No radiation-induced brain necrosis or paralysis of the oculomotor or abducens nerve was observed. Transient cyst enlargement occurred in 3 patients at 3, 6, and 9 months, who then developed transient slight visual field disturbance. However, their symptoms improved as their cysts diminished at 9, 9, and 12 months. Table 4 shows representative RT results for nonfunctioning PA. 9 -11,17 -19 A variety of RT techniques, beams, machines, and dose specifications were used at each institution. Representative reports of Gamma Knife SRS indicate 5-year local control rates of 92 -97% with a median follow-up period of 5 years or longer. 9 -11 Although the median follow-up period was shorter (about 3 years), local control rates were 98% at 3 to 5 years in the present study. The incidences of visual disorders and hypopituitarism were also comparable. In the present study, about 15% of the patients had large tumors (.15 cc) that would not normally be treated with Gamma Knife SRS or tumors that were adjacent to the optical pathways. Despite the presence of such difficult cases, our results for hypofractionated SRT compare favorably with those reported previously. This favorable outcome may have been caused by our use of hypofractionation. In Gamma Knife SRS, the dose delivered to the optic pathways is usually limited to 8 -10 Gy, whereas we were able to safely administer 21 Gy in 3 fractions or 25 Gy in 5 fractions in most cases. Although linear quadratic formalism is not applicable to these fractionation schedules, 24, 25 21 Gy in 3 fractions corresponds to 13.1 Gy in 1 fraction, assuming an a/b ratio of 3 Gy, and 25 Gy in 5 fractions corresponds to 12.7 Gy. The actual efficacy of hypofractionation is considered to be about 15% higher. 24 Therefore, it could be said that 21 Gy in 3 fractions corresponds to 15.1 Gy in 1 fraction, and 25 Gy in 5 fractions corresponds to 14.6 Gy. In vivo, a higher effect of fractionation is expected, especially when reoxygenation of hypoxic cells takes place, 26, 27 but this is probably not the case for benign tumors such as PA. At any rate, the biological effects of our fractionation schedules on tumors appear to be stronger than those of the 8-10 Gy dose used in Gamma Knife treatment, which may account for the favorable tumor control rate observed in our study. Fractionated radiation is also known to reduce the incidence of complications involving late-responding normal tissues. The effect of fractionation is especially high when the a/b ratio is low. Therefore, if the a/b ratio of the optic nerve is lower than that of PA, our fractionation schedules are expected to be more effective than the single fraction used in SRS. Unfortunately, no data are available about the a/b ratio of PA, although the a/b ratio for the optic nerve is considerably low (,3 Gy). Mayo et al. 28 proposed a model for estimating the maximum tolerable dose for visual function based on several reported datasets. However, they also reported a lack of good outcomes for hypofractionated SRT. On the other hand, Adler et al. 29 reported promising preliminary outcomes with regard to visual field preservation for hypofractionated SRT. Considering that only one visual complication was observed in the present study and that this may not necessarily have been caused by radiation, our criteria for the maximum doses delivered to the optic pathways of 21 Gy in 3 fractions and 25 Gy in 5 fractions are considered to be appropriate. Paradoxically, this fact suggests that the a/b ratio of the optic pathway is considerably low (probably lower than 3 Gy). We are still seeking appropriate fractionation schedules. If the a/b ratio of the optic nerve is lower than that of PA, the use of a higher fraction number may be more efficient. Although the CyberKnife system used in the present study was not suitable for many-fraction treatment, use of 6 or more fractions has now become possible with the currently available updated Multiplan planning system. We will plan to evaluate 8-to10-fraction treatment in the near future. During planning, we did not add a setup margin. The PTV was defined as the CTV. The margins around the GTV should be defined with caution due to the proximity of OARs such as the optic pathways and brain stem. It is especially important to minimize the margin for recurrent and postresection residual cases because the OARs may be more vulnerable to irradiation. Interestingly, postradiation hypopituitarism developed less often in this study than in previous studies. 9 -11,17 -19 The reasons for this are unclear; however, in addition to the use of hypofractionation, possible explanations include differences in GTV contouring, margin setting, apparatus, and dose specifications. The CyberKnife system maintains very high dose conformity and homogeneity within the targeted volume, so the nontumorous parts of the pituitary received much lower doses than the PTV in many cases. Such highly sophisticated irradiation might have contributed to the low incidence of hypopituitarism, but careful follow-up evaluation for hypopituitarism as well as for visual disorders and brain necrosis remains critical. In recent years, several reports have indicated the effectiveness of 3-T head MRI, particularly in the sellar region. 30 Using 3-T MRI, highresolution anatomical and physiological images of the optic pathways can be obtained. 31 In addition, proton magnetic resonance spectroscopy can provide valuable information on biodistribution of metabolites such as N-acetylaspartate and choline-containing compounds. So, if the accuracy improves, it may become possible to distinguish between tumor and scar tissue. 32 Furthermore, diffusion tensor tractography can depict pathways of nerve fibers and can be fused with treatment planning images taken previously. 33 In the case of nonfunctioning PA adjacent to the optical pathways, better planning is required, so SRT using these modalities should be a topic of future investigation.
Discussion
In conclusion, CyberKnife SRT involving 21 Gy in 3 fractions or 25 Gy in 5 fractions is safe and effective for the treatment of nonfunctioning PA. To protect the visual nerve and neuroendocrine function, hypofractionated SRT seems preferable, especially for tumors located near the optic pathways and for large tumors. Further investigation of hypofractionated SRT for nonfunctioning PA is warranted to confirm our findings. Longer follow-up is necessary to prove the superiority over Gamma Knife treatment. Cases undergoing hypofractionated SRT have not been reported often, and we expect that our outcomes will contribute to establishing a standard treatment for nonfunctioning PA.
